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There are two main types of band-edge alignment, namely, type I and type II, in heterostructures with semiconductor quantum dots ͑QDs͒. In type-I QDs, the band gap of the narrow-gap material lies entirely within the gap of the wide-gap semiconductor and both electron and hole are confined inside the same region. A typical example of type-I band-edge lineup is the InAs QDs in GaAs matrix. For type-II QDs, the localization inside the dot occurs only for one of the charge carriers, whereas the dot forms a potential barrier for the other particle. A system like this is that of Ge/ Si͑001͒ dots formed by strain epitaxy, in which the holes are strongly confined in the Ge region and the electrons are free in the Si conduction band. The above consideration disregards possible modification of the band structure due to inhomogeneous strain in the dots and the surrounding matrix. Tensile strain in the nearby Si causes splitting of the sixfolddegenerate ⌬ valleys ͑⌬6͒ into the fourfold-degenerate inplane ⌬4 valleys and the twofold-degenerate ⌬2 valleys along the ͓001͔ growth direction.
1-4 The lowest conduction band edge just above and below the Ge island is formed by the ⌬2 valleys yielding the triangle potential well for electrons in Si near the Si/ Ge boundary. Thus one can expect three-dimensional localization of electrons in the strained Si near the Ge dots. The electron binding energy in a straininduced potential well in a single Ge/ Si QD was predicted to be very small ͑Ͻ10 meV͒. 2 This value is expected to enlarge vastly in multilayer Ge/ Si structures with vertical stacking of Ge islands due to accumulation of strain energy from different dot layers in a stack and increase of the potential well depth. In this work we employ space-charge spectroscopy to look for the evidence of the electron accumulation in samples with a single layer of GeSi islands and with a stack of four layers of GeSi QDs embedded in a n-type Si͑001͒ matrix.
GeSi/ Si heterostructures with self-assembled GeSi islands were fabricated by molecular-beam epitaxy in the Stranskii-Krastanov growth mode on a n + -Si͑001͒ substrate with a resistivity of 0.01 ⍀ cm doped with antimony up to a concentration of ϳ10 19 cm −3 . A fourfold stack of GeSi islands was inserted into the 0.8 m epitaxial n-Si layer at a distance of 0.5 m from the substrate. The amount of deposited Ge was gradually reduced from 6 ML ͑1 ML = 1.457 Å͒ in the first layer to about 4 ML in the fourth layer to ensure defect-free island formation with equal island sizes and densities in all layers. 5, 6 The Ge growth rate was chosen to be as large as 2 ML/ s to provide the high Ge content in the islands and hence the large strain. The n-type remote doping was achieved by insertion of a Sb ␦-doping Si layer of 0.2 m below the GeSi QD layer. The first and second Ge layers in the stack as well as the third and fourth Ge layers are separated by 3 nm Si spacers, while the distance between the second and third Ge layers is 5 nm. As it has been demonstrated in Refs. 4 and 7 for the fourfold stack of Ge hut islands grown at different deposition rates, Ge nanoclusters fabricated by such a way demonstrate good vertical correlation. From cross-sectional transmission electron micrographs, we observe the GeSi dots to be approximately 20 nm in lateral size and about 2 nm in height. The scanning tunneling microscopy of a sample without the Si cap layer showed that the Ge islands have the shape of hut clusters. The density of the dots is about 10 11 cm −2 . The average Ge content of 80% in the islands was determined from Raman measurements. To separate response from the stacked Ge/ Si islands, the reference sample was fabricated under conditions similar to the multilayer sample, except that only a single layer of GeSi QDs was grown. For the capacitance and conductance measurements, Pd Schottky gates with the area of 7.5ϫ 10 −3 cm 2 were deposited on top of the samples through a shadow mask. The admittance was measured using a Fluke PM6306 meter in the frequency range f = 10-1000 kHz at temperatures from 4 to 150 K. The amplitude of the ac modulation voltage was 50 mV. Figure 1 shows experimental capacitance-voltage ͑C-V͒ characteristics for the reference and the multilayer samples. The dependence of the capacitance on voltage for the singlelayer sample shows no specific features and has the form of the conventional C-V characteristic of a n-type Schottky diode. For the multilayer sample, we observe a steplike structure caused by an additional capacitance, which we associate with the negative charge accumulation in the Si layers between the stacked Ge islands ͑see inset of Fig. 1͒ . Due to the n-type doping in the Si matrix, the stacks of GeSi QDs will be charged by electrons at a zero bias. When a reverse bias is applied to the diode, the electrons are gradually swept out. At U b Ͼ 1 V electrons escape from the stack of GeSi/ Si dots and the latter become neutral.
The QD contribution to the capacitance disappears at temperatures below ϳ50 K ͑Fig. 2͒ due to "freezing" the electrons in the ⌬2 bound states in the strained Si. The corresponding step on the temperature dependence of capacitance is accompanied by the conductance maximum ͑peak C in Fig. 2͒ which is not seen for the reference sample. Thus we may attribute the conductance peak C to the ac response of electrons confined in GeSi/ Si islands stacked in a multilayer structure. With increasing reverse bias, the position of peak C shifts towards higher temperatures, its amplitude gradually decreases and the peak disappears at voltages ͉U b ͉ Ͼ 1 V just after the ending of the QD-related capacitance plateau in C-V characteristic. Peaks A and B are observed in both samples. They are assigned to a dopant-related admittance signal associated with the carrier freeze-out effect in the highly doped ␦-doping Si layer ͑peak A͒ and in Si layers with a lower doping Sb concentration ͑peak B͒. 4, 8 Typical conductance spectra measured at different frequencies are shown in Fig. 3 . Admittance signal originated from electron traps can be used to extract the electron energy level. 9 For a given measurement frequency =2f, the conductance reaches a maximum at a temperature T max which corresponds to the condition e n ͑T max ͒Ϸ / 2, where e n = e 0 exp͑−E a / kT͒ is the emission rate of electrons from the bound to extended states which depends on the electron binding energy E a . Thus, by measuring G͑T͒ dependencies at various , the activation energies of the electron emission rate can be deduced from the Arrhenius plots of e n ͑T max ͒ vs 1/T max . Arrhenius plots necessary for deriving the activation energy are depicted in inset of Fig. 4 . The activation energies of the electron emission rate were found from the slope of the approximating straight lines. The resulting values of E a are shown in Fig. 4 as a function of reverse bias voltage.
To support experimental results we performed numerical analysis of three-dimensional strain distribution and electronic structure of the samples under investigation. The stacked QD structure is modeled by fourfold stacked GeSi QDs aligned along the growth direction and separated by Si. Each GeSi QD has a truncated-pyramid shape with base orientation along ͓100͔ and ͓010͔ directions. The pyramids lie on a 4.5 ML GeSi wetting layer and contain 20% Si atoms randomly distributed within QD. The strain distribution was found in terms of atomic positions using valence-force-field model with a Keating interatomic potential. 10 The electronic energy levels were calculated by solving three-dimensional effective-mass Schrödinger equation by means of a freerelaxation method. 11 The carrier confinement potential in this equation is modified by the strain distribution. Details of theoretical consideration can be found elsewhere. 4 In Fig. 5 we show the isosurface plots of the charge density for the first six electronic states with the respective electron binding energies E i . The same energies are shown in Fig. 4 by arrows. Obviously, the calculated values of E i agree well with the experimental data providing the evidence for the electron confinement in GeSi/ Si QDs stacked in a multilayer structure.
Here it is necessary to note that, for very close island stacking, Ge-Si intermixing can occur in the upper layers. 12 This will change the band alignment, which was taken for the calculations. We checked the alloying effect by making Raman measurements also in a single-layer structure. We found that for a reference sample the Ge content does increase up to 88% but this changes the electron localization energies by only 10%. Thus we may conclude that our theoretical results still support the experimental ones. 
